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Abstract 
Any substantive campaign to mitigate greenhouse gas emissions must involve sequestration of CO2 in geologic formations. For 
stakeholders to accept this technology, the risk of leakage from the storage formation must be balanced against the economics of 
capture and injection. The standard approach to geologic sequestration assumes that CO2 will be injected as a bulk phase into a 
saline aquifer. The primary driver for leakage in this approach is the buoyancy of CO2 relative to native brine under typical deep 
reservoir conditions. If no leakage occurs, the primary impact of storage will be the displacement of large volumes of 
groundwater, equal to the volume of CO2 injected at reservoir conditions. Here we investigate an alternative storage approach 
that alleviates these concerns. The incremental cost of this approach over the standard approach therefore sets an upper bound on 
reasonable costs for monitoring and verification of the standard storage scheme and for avoiding groundwater contamination. 
 
We analyze a prototypical process in which the brine to be used as solvent is extracted from the target aquifer. Captured CO2 is 
dissolved into this brine in a surface facility prior to injection into the aquifer. Wells are arranged in a line-drive pattern, i.e. a 
row of injectors separated from a parallel row of extraction wells. The CO2-laden brine is slightly denser than brine containing no 
CO2, so ensuring the complete dissolution of all CO2 at the surface eliminates the risk of buoyancy-driven leakage. The pairing of 
extraction/injection wells controls the plume movement and reduces the likelihood of exceeding pressure limits during injection. 
The volume occupied by saturated brine is about 5% greater than the volume of the original brine. This incremental volume 
results in a net displacement volume 40% smaller than the volume of water displaced in when bulk-phase CO2 is injected. 
Surface dissolution thus reduces the overall footprint of a storage project and reduces impact on groundwater resources. The 
process can be implemented at a greater range of depths than the standard approach. The operational costs of surface dissolution 
are estimated to be 20% greater than for the standard process if CO2 capture is accomplished with monoethanolamine. The capital 
costs are 50% greater, mainly because of the larger number of wells needed.  
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1. Introduction 
In storing greenhouse gases, storage assurance and cost are important but conflicting objectives. Options like 
surface mineralization cost 3 to 10 times as much as geologic storage (Lackner [1]), but assurance that the carbon is 
securely stored is unarguable. The standard approach of injecting bulk phase CO2 into the subsurface is simpler and 
cheaper, but the result is a buoyant, low-viscosity fluid occupying large volumes of sedimentary rock. This 
introduces the risk of leakage from the storage formation, should the stored CO2 encounter naturally occurring or 
man-made conduits for escape, or should the integrity of the sealing formation be compromised.  
Schemes that reduce the risk of escape of bulk-phase CO2 have 
been proposed. The “inject low and let rise” strategy seeks to 
maximize residual trapping by taking advantage of buoyancy-
driven flow (Kumar et al. [2], IPCC [3]). Injecting the CO2 into the 
deepest formations that are economically feasible (Nicot et al. [4]) 
reduces the probability that escaping CO2 will harm other resources 
and increases the attenuation of escaping CO2 (Chang et al. [5]). 
Georgescu et al. [6] suggested the co-injection of brine and CO2 to 
improve the pore scale mixing in the formation and thereby increase 
dissolution trapping. Injection into ocean sediments deep enough 
for the bulk phase CO2 to be denser than brine would eliminate 
buoyancy altogether (House et al., [7]).  
Here we focus upon a different strategy for risk reduction. As 
sketched in Figure 1, the idea is to produce brine from the storage 
formation, dissolve CO2 into it, then inject the CO2-saturated brine 
into the formation. This eliminates the risk of buoyancy-driven 
leakage, because the CO2-saturated brine has slightly greater 
density than the native brine. The process is designed so that a 
separate CO2-rich phase never exists in the formation. This strategy 
can be applied in the same deep saline aquifers that are targets for storing bulk phase CO2. It is also feasible in 
shallower saline aquifers, which would be less attractive targets for standard geologic storage. In principle the 
process could be permitted under existing wastewater disposal regulations, thus expediting the implementation of 
geologic storage. In this paper we briefly describe the surface dissolution approach, review its costs relative to 
injection of bulk phase CO2, and describe its footprint (areal extent of disturbance).   
2. Surface Dissolution for Geologic CO2 Storage 
We assume that a stream of captured CO2 is available at low pressure (~1 atm). The “surface dissolution” process 
consists of compressing the captured CO2, mixing it in a tank at surface with brine extracted from the storage 
formation, then injecting CO2-saturated brine into the subsurface formation. A schematic of the process is shown in 
Figure 1. We focus here on the key parameter governing the feasibility of the process, the equilibrium solubility of 
CO2 and its dependence on temperature, pressure and salinity.  
2.1. Feasibility: Solubility of CO2 in Brine as a Function of Pressure, Temperature and Salinity 
We used the Duan (Hangx [8]) and the Peng-Robinson (Kumar et al. [2]) equations of state to evaluate solubility 
and phase equilibrium. Figure 2 shows the influence of T  and P  on solubility. Greater pressures and lower 
temperatures increase solubility. Since P  and T  increase with depth, solubility is not a strong function of depth. The 
path ABC corresponds to the conditions encountered between the mixing tank (A) and storage formation (C), 
assuming the saturated brine is warmed instantaneously by the geothermal gradient as it travels down the injection 
well. The segment BC corresponds to brine traveling from the bottom of the well (B) into the formation (C). The 
pressure difference PB ¡ PC depends on the injection rate and the formation properties, including relative 
permeability (Burton et al. [9]). The path ABƍC corresponds to the opposite limit, in which the saturated brine 
remains at mixing tank temperature until it enters the formation. It then warms to reservoir temperature along the 
path BƍC.  
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Figure 1: Schematic of the brine surface dissolution 
strategy includes pumps for the brine extraction, brine 
injection, and compression of the captured CO2 stream. 
Brine is lifted from the target aquifer and pumped to an 
adequate mixing pressure. The two fluids are mixed until 
the CO2 dissolves, and the saturated brine is injected. 
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The essential condition for feasibility is that brine never encounters conditions (P , T ) for which the CO2 
solubility is less than the solubility in the mixing tank. Otherwise, CO2 would exsolve and form a separate phase. 
Graphically, this means that the path A-C never crosses the constant-concentration contour through point A. This 
condition is satisfied for both limiting cases for the operating conditions in Figure 2.  
The feasibility condition means that the storage formation conditions C dictate the range of conditions at which 
the mixing tank can be operated. Any conditions below and to the right (lower P , higher T ) of the constant-
concentration contour through C would satisfy the feasibility constraint. In practice the mixing tank should be run to 
achieve the largest feasible CO2 concentration, because this minimizes the volume of brine are required. Thus the 
design challenge is to operate the process close to the solubility limit.  
Since the same dissolved concentration can be achieved at a range of (P , T ), there is flexibility in choosing 
mixing tank conditions. Lower T  would allow operating at lower P ; the tradeoff is between reduced compression 
costs and increased heat exchange duty. On the other hand, greater pressures increase the amount that can be 
dissolved at a given temperature, reducing the volume of brine required. The upper limit on pressure in the mixing 
tank is related to the allowable bottomhole pressure in the injection well (Burton and Bryant [10]).  
Increasing salinity decreases CO2 solubility. Typically salinity increases with depth. For example, gradients range 
from 4 ppm/ft to 30 ppm/ft in the Illinois basin (Finley et al. [11]). As shown in Figure 3, the combined effects of 
salinity, pressure and temperature lead to a maximum solubility in storage formations at about 2000 ft depth. We 
emphasize that the surface dissolution scheme can be implemented at any depth. Formations at depths other than 
2000 ft require greater aquifer volumes to store the same mass of CO2. 
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Figure 2: The contour lines are CO2 mole fractions in 20,000 ppm 
NaCl brine in equilibrium with a pure CO2 phase. Two paths are 
shown, tracing the conditions in the mixing tank (point A) to bottom of 
injection well (B or Bƍ) to the reservoir (C).  Path AB assumes 
instantaneous heat transfer and no friction losses in the wellbore. Path 
ABƍ assume no heat transfer and no friction losses. As long as the path 
never crosses a region with solubility smaller than the value at A, CO2 
will remain in solution.  
Figure 3: The solubility of CO2 in formation brine depends on the 
depth of the formation. The curve was generated the Duan EOS 
(Hangx [8]; Burton and Bryant [10]) assuming temperature, pressure 
and salinity gradients of 1°F/100 ft, 0.44 psi/ft and 15 ppm/ft, 
respectively. Surface conditions are taken as 61°F, 14.7 psia and 0 
ppm. Solubility increases with depth to ~2,000 ft then decreases 
slowly. The increase reflects sensitivity to pressure at small pressures. 
The decrease is the effect of increasing salinity.   
2.2. Brine Rate Required for Surface Dissolution 
The rate at which brine must be supplied depends on the rate at which captured CO2 is supplied. In terms of rates, 
the mole fraction of dissolved CO2 in the mixing tank is 
xCO2 =
_nCO2
_nCO2 + _nH2O
 
where we neglect the small molar concentrations of cations in the brine. The molar flow rate of brine is related to the 
volumetric flow rate qw by  
_nH2O =
qw½w
mwH2O
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Dissolution is not expected to reach the equilibrium solubility in the surface mixing facility. We assume that the 
concentration of CO2 exiting the mixing tank is some fraction K of the equilibrium value, i.e.  
xCO2 = ´x
eq
CO2
 
Then the required flow rate of brine is  
qw =
_nCO2mwH2O
½w

1
´xeqCO2
¡ 1
¶
 
The variation of brine rate with mixing 
tank pressure and temperature is shown in 
Figure 4, where we assume a 500 MW coal 
fired plant, 20,000 ppm salinity, and a 90% 
approach to equilibrium, i.e. ´ = 0:9. 
Conditions in the storage formation 
determine the maximum feasible CO2 
concentration and thus the minimum brine 
rate, which is 1.3 million B/D in this 
example. Operating the mixing tank at 60°F 
and 800 psia, for example, would allow 
smaller brine rates because the dissolved 
concentration is larger. But the brine would 
be supersaturated at storage formation 
conditions and would exsolve CO2, creating a buoyant phase within the formation. The operating conditions in the 
mixing tank could be chosen to be 80°F and 850 psia, in which case the brine rate would be the minimum value. At 
80°F and 400 psia the equilibrium solubility is smaller and the required brine rate would nearly double, to 2.4 
million B/D. A reasonable operating range for the mixing tank would be 300 psia to 1000 psia.  
The required brine rate scales linearly with the size of the power plant. Thus rates of a few million barrels of 
brine per day would be required to implement the surface dissolution process at large coal-fired power plants. These 
rates are large but not unusual at power plants, where once-through cooling requires several million B/D of process 
water (Feeley et al. [12]). Because the brine required for surface dissolution would be withdrawn from a deep saline 
formation, the process would have no impact on existing water usage at the power plant. This is an important 
consideration as many existing and proposed plants are constrained by water availability.  
2.3. Relative Costs for Surface Dissolution 
Burton and Bryant [10] compared costs of surface dissolution and standard approach (injecting bulk phase CO2), 
assuming that the process is implemented at an existing coal-fired power plant and capture is achieved with MEA 
(monoethanolamine) (Fisher et al. [13]). They concluded that operating costs for surface dissolution would be 41% 
to 47% of the power plant output, while the standard approach would require 38% of plant output. Most of these 
costs are for capture. Burton [14] estimates the capital costs for surface dissolution at $0.75 million to $0.9 million 
per MW of power plant capacity, versus $0.6 million per MW capacity for the standard approach.  
Surface dissolution and injecting bulk CO2 both require compression. The cost difference derives from the 
number of wells required. Well count depends on volumetric flow rate (at downhole P  and T ) of CO2, qtotCO2, or of 
saturated brine, qtotw . Under typical storage conditions the dissolved CO2 concentration is 2 mol %, or 5 wt %. Thus 
we have _mCO2= _mw ¼ 0:05 for the surface dissolution process. The ratio of volumetric flow rates (at storage 
formation conditions) is readily related to the ratio of mass flow rates: 
qtotCO2½CO2
qtotw ½w
=
_mCO2
_mw
= 0:05 
Under typical storage conditions, bulk CO2 has a density of about 600 kg/m3, while brine has a density of about 
1000 kg/m3. Thus the ratio of flow rates is qtotw =qtotCO2 ¼ 12. Clearly much larger volumes of fluid must be handled 
for the surface dissolution approach. Moreover one extraction well is required for each injection well in the surface 
 
Figure 4: For a 500 MW coal-fired power plant, the required flow rate of brine 
depends on the temperature and pressure at which the mixing tank operates. These 
conditions and the brine salinity, here 20,000 ppm, determine the equilibrium CO2 
solubility in Figure 2. Low pressure operation requires high brine rates and high 
pressure operation yields diminishing improvements.  
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dissolution approach. The larger well count and the fact that injection wells must withstand corrosive fluids 
(dissolved CO2 lowers the pH of the brine) are the main drivers of the higher capital cost of surface dissolution. 
2.4.  Groundwater Displacement during CO2 Storage  
The disturbance of groundwater resources will be a crucial factor in permitting and operating geologic carbon 
storage projects. The injection of bulk phase CO2 will displace a volume of groundwater equal to the volume (at 
storage formation conditions) of CO2, if compressibility effects are neglected. This extends the footprint of the bulk-
phase CO2 injection far beyond the plume of CO2. The surface dissolution process has a smaller footprint. 
2.4.1. Volume of Displacement 
Consider first the absolute volumes of brine displaced in the two approaches. The volume of brine displaced by 
surface dissolution is the difference between the volume occupied by the CO2-saturated brine, Vw, and the volume of 
the original brine V extractw  extracted from the formation. Vw is related to the mass of stored CO2 by  
Vw =
mCO2
½satw wCO2
 
where wCO2 is the weight fraction CO2 in the saturated brine. A mass balance on H2O relates the extracted brine 
volume to the saturated brine volume:  
Vw½
sat
w wH2O = V
extract
w ½w 
where wH2O ¼ 0:95 is the weight fraction of H2O in the CO2-saturated brine. The densities of original brine and 
CO2-saturated brine are very similar, so we have 0:95Vw = V extractw . Thus the displaced volume of brine in the 
surface dissolution process is: 
V disp;surfw = Vw ¡ V extractw = 0:05Vw = 0:05
mCO2
½wwCO2
 
The volume of brine displaced during bulk-phase CO2 injection is simply proportional to the mass of CO2 stored:  
V disp;bulkw = VCO2 = mCO2=½CO2 
where the volume and density of CO2 are at storage formation T  and P . It follows that for typical storage formation 
conditions, 
V disp;surfw
V disp;bulkw
= 0:05
½CO2
½wwCO2
¼ 0:6 
40% less brine is displaced in the surface dissolution approach than by injecting bulk phase CO2. This is a 
substantial advantage, given that preventing groundwater contamination is likely to be a high priority for regulators. 
2.4.2. Distance of Displacement when Bulk-phase CO2 Injected 
We now compare groundwater displacement distances for the two approaches. Suppose a volume VCO2 (at 
storage formation T  and P ) flows radially from a vertical injector in a homogeneous formation of porosity Á and 
thickness h. Most of the injected CO2 will be present in the formation at an average saturation ¹SCO2. The average 
saturation depends on the relative permeability curves and the solubility of water in the CO2 phase (Burton et al. 
[9]); a typical value is 0.5. The radial extent of the CO2 plume at the end of injection, Figure 5, is given by 
rCO2 =
s
VCO2
¼Áh ¹SCO2
 
The CO2 will displace groundwater that is initially at some radial distance ri from the injector to a new location rf .  
The displacement can be determined from a mass balance, assuming incompressible fluids:  
¼r2fhÁ¡ ¼r2i hÁ = V disp;bulkw = VCO2 = ¼r2CO2hÁ ¹SCO2 
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whence we obtain rf =
q
r2i + r
2
CO2
¹SCO2 . 
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Figure 5. Groundwater displacement during injection of bulk phase CO2 extends the storage footprint far beyond the CO2 plume. 
A measure of impact on groundwater is rf ¡ ri, the 
distance of displacement from original location. This 
measure decreases for original locations farther from the 
injection well. Figure 6 shows the trend for several values 
of rCO2. For example, if the CO2 plume extends 10 km, 
then groundwater initially 50 km away from the injection 
well will be displaced 500 m. Whether this affects 
groundwater quality will depend on proximity of brackish 
water to fresh water. It is clear, however, that storage of 
bulk phase CO2 will cause groundwater displacement at a 
regional scale.  
2.4.3. Distance of Displacement for Surface Dissolution 
Process 
Although the volume of brine required to store CO2 as 
a dissolved species is an order of magnitude greater than 
the volume occupied by bulk CO2 under the same T  and 
P , the footprint of the surface dissolution scheme is 
smaller. This is because of the closed-loop nature of the process: extraction 
of brine from the storage formation “leaves space” for the CO2-saturated 
brine to be injected.  
The displacement calculation is analogous to that for bulk phase storage, 
except that we start with a rectangular domain, Figure 7. The large number 
of wells needed suggests a line drive arrangement of injector/extractor 
pairs. Burton [14] describes the design and optimization of the well 
spacing. Here for simplicity we assume the well pairs occupy a square 
domain of size L£ L, thickness h and porosity Á. We assume that L is 
chosen to accommodate the required volume of CO2-saturated brine, i.e. 
L2hÁ = Vw. We saw above that Vw is about 5% greater than V extractw . This 
volume increase causes displacement of groundwater from the storage 
domain.  
To determine the distance of displacement ¢L we assume 
incompressible fluids and write a mass balance on displaced brine as 
follows: 
10
100
1000
10000
0 20 40 60 80
Initial Location in Aquifer
(Distance from Injector), km
D
is
ta
nc
e 
D
is
pl
ac
ed
 fr
om
 
In
iti
al
 L
oc
at
io
n,
 m CO2 at:  2.5 km   5 km   10 km
 
Figure 6. The distance groundwater is displaced from its initial 
position depends on the position of the CO2 front. The average CO2 
saturation is taken to be 0.5. Significant displacements (100s of m) 
occur at large distances (several multiples of the CO2 front) from 
the injector.   
'L
L
L
 
Figure 7. Arrangement of injector/extractor 
pairs for the surface dissolution process. 
Groundwater is displaced a distance 'L from 
the CO2-saturated brine storage domain.   
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V disp;surfw = Vw ¡ V extractw = (L + 2¢L)2hÁ¡ L2hÁ ¼ 4hL¢LÁ 
Because V disp;surfw ¼ 0:05Vw = 0:05L2hÁ, we find that 2¢L=L = 0:025. Thus the extent of groundwater 
displacement is about 2.5% of the size of the storage formation for the surface dissolution process.  
To compare this displacement with that for bulk CO2 storage, we must compare L in Figure 7 with 2rCO2 in 
Figure 5. Let mCO2 be the mass of CO2 to be stored. Then   
rCO2 =
r
mCO2
½CO2¼Áh
¹SCO2
 and L =
r
mCO2
½satw wCO2Áh
 
and for typical storage conditions we find that L=(2rCO2) ¼ 2:2. Thus the 2.5% displacement at the edge of the 
surface dissolution domain corresponds to 11% of rCO2.  
To compare with bulk CO2 injection, consider groundwater initially located at distance ri = L=2 = 2:2rCO2 
from a bulk-phase CO2 injector, i.e at the same location as the nominal edge of the surface dissolution domain. This 
groundwater will be displaced to a position rf = rCO2
p
2:22 + ¹SCO2 ¼ 2:3rCO2 ¼ 1:05ri, so rf ¡ ri amounts to 
about 11% of rCO2. For groundwater at this initial location, the displacement distance is the same as for the surface 
dissolution process. All groundwater initially located between ri and rCO2 will be displaced a greater distance by 
bulk-phase injection.  
We conclude that surface dissolution reduces the impact of CO2 storage on groundwater resources.  
3. Advantages of Surface Dissolution  
The main advantages of surface dissolution have been elaborated above: elimination of the risk of buoyant escape 
of stored CO2, and reduced impact on groundwater resources. These advantages could be significant, depending on 
the cost of monitoring and verification of CO2 stored as a bulk phase and on the importance attached to groundwater 
by regulatory agencies. Several other advantages can also be realized. For example, the extraction wells prevent 
build-up of pressure in the aquifer. This reduces the risk of fracturing the storage formation or the seal during 
injection. It also greatly reduces the risk that injection rates will be constrained by rising formation pressure, 
especially in storage formations that prove to be compartmentalized. The extraction wells also steer the injected 
brine, controlling the CO2 plume in a way that cannot be achieved with the standard approach.  
Any location proposed for bulk-phase storage can also be used for surface dissolution storage. In fact, a greater 
range of storage formation depths are suitable for this process than for injecting bulk-phase CO2. Transportation and 
compression costs for exotic locations (sediments and basalts under the deep ocean) could be reduced since lower 
wellhead pressures would be needed.  
Only single phase flow occurs, eliminating all complications associated with saturation fronts, mobility contrasts, 
fingering, channeling, two-phase flow, and capillarity. Gravity effects during injection, such as override of injected 
CO2 or slumping of injected water, are also eliminated. The greater density of an aqueous phase means that wellhead 
injection pressures (300 to 1000 psi) are less than the standard approach (> 2000 psi).  
Because the injected fluid is brine, it may be possible to permit a surface dissolution project under existing 
regulations for wastewater disposal, such as the Underground Injection Code in the US. This could significantly 
expedite geologic CO2 storage, since regulations for bulk-phase CO2 storage have not yet been codified. 
4. Disadvantages of Surface Dissolution  
The main disadvantage of surface dissolution is its greater cost. Much larger fluid volumes must be handled, thus 
requiring many more injection wells, and extraction wells are needed to supply the brine. The cost of the larger 
number of wells is compounded by the fact that the injectors need to resist corrosion (the CO2-saturated brine will be 
acidic.) The larger fluid volumes also mean more pore space must be acquired to contain CO2. This will be a 
substantial hurdle. (Obtaining pore space rights for large-scale storage of bulk-phase CO2 will also be a challenge.)   
The mobility of brine is less than the mobility of CO2. Injectivity of CO2 is limited by the two-phase flow region 
mobility rather than by CO2 mobility, but nevertheless it is easier to inject CO2 than to inject brine into an aquifer. A 
major unknown is the time required to achieve dissolution and the relative costs of operating the mixing tank at 
desired conditions, e.g. the cost of cooling the tank to enable greater dissolution.    
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Monitoring the CO2 footprint would be difficult, were it to be required. The properties of CO2-saturated brine are 
very similar to those of the original brine. Observation wells with direct sampling capability would be necessary.  
5. Conclusions and Recommendations 
Injecting CO2-saturated brine is a technically feasible alternative to injecting bulk-phase CO2 for geologic 
storage. Costs and volumes of fluid handled are greater, but not prohibitively so. Extracting brine from the storage 
formation, dissolving captured CO2 into it in a surface tank, then injecting the saturated brine into the same 
formation eliminates the single greatest risk of geologic storage, namely leakage of buoyant CO2. This process also 
reduces the impact of storage on groundwater, displacing a smaller volume of native brine a lesser distance 
compared to injecting bulk-phase CO2.  
A significant uncertainty is the residence time needed to achieve dissolution at field scale. Research is needed to 
determine the rate of dissolution, the internal structure of the tank in which it might be achieved and whether in-line 
mixing within the flow lines or wellbore tubing could replace the mixing tank altogether.    
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